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The Caenorhabditis elegans hunchback-like Gene
lin-57/hbl-1 Controls Developmental Time
and Is Regulated by MicroRNAs
conservation and expression patterns suggest that they
may also function in temporal control mechanisms in
other organisms (Lagos-Quintana et al., 2002; Pasqui-
nelli et al., 2000). The 21 nt lin-4 miRNA is a component
of an “early timer” (Ambros, 2000), which specifies seam
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University of Minnesota cell temporal identity from embryo hatching through the
6-160 Jackson Hall L3 stage. lin-4 transcription begins in the mid L1 stage
321 Church Street SE and progressively downregulates protein accumulation
Minneapolis, Minnesota 55455 from lin-14 and lin-28 mRNAs by binding to antisense
sites in their 3UTRs (Feinbaum and Ambros, 1999; Lee
et al., 1993; Moss et al., 1997; Wightman et al., 1993).
The graded decrease in LIN-14 and LIN-28 levels is criti-
Summary cal for the temporal progression to the L3 stage seam
cell fate. During the L3 stage, let-7 is transcriptionally
Temporal control of development is an important as- activated and initiates a “late timer” by downregulating
pect of pattern formation that awaits complete molec- target genes, including lin-41, ultimately allowing tem-
ular analysis. We identified lin-57 as a member of the C. poral seam cell identity to progress to the terminally
elegans heterochronic gene pathway, which ensures differentiated adult state (Reinhart et al., 2000; Slack et
that postembryonic developmental events are appro- al., 2000).
priately timed. Loss of lin-57 function causes the hypo- The ultimate target of the heterochronic genes is the
dermis to terminally differentiate and acquire adult LIN-29 zinc finger transcription factor whose presence
character prematurely. lin-57 is hbl-1, revealing a role in the L4 stage hypodermis is required for seam cell
for the worm hunchback homolog in control of devel- terminal differentiation (Bettinger et al., 1996; Rougvie
opmental time. Significantly, fly hunchback (hb) tem- and Ambros, 1995). Hypodermal LIN-29 accumulation
porally specifies cell fates in the nervous system. The occurs abnormally early in precocious mutants, while,
hbl-1/lin-57 3UTR is required for postembryonic
in retarded mutants, it is delayed or absent. In lin-29
downregulation in the hypodermis and nervous sys-
mutants, the larval program of seam cell division re-
tem and contains multiple putative binding sites for
places terminal differentiation at the fourth molt and is
temporally regulated microRNAs, including let-7. In-
reiterated through supernumerary molting cycles.deed, we find that hbl-1/lin-57 is regulated by let-7, at
Genetic evidence suggests that key heterochronicleast in the nervous system. Examination of the hb
genes that act to connect lin-4 activation in the L1 stage3UTR reveals potential binding sites for known fly
to lin-29 activation in the L4 stage remain to be identified.miRNAs. Thus, evolutionary conservation of hunch-
For example, the weak heterochronic phenotype of lin-back genes may include temporal control of cell fate
41 null mutants predicts the existence of additional,specification and microRNA-mediated regulation.
partially redundant genes in the late timer. Similarly,
additional control inputs to lin-29 are suggested by theIntroduction
observation that let-7 null mutations produce a retarded
phenotype with the execution of a single extra “larval”The heterochronic genes of C. elegans provide a frame-
molt, which is less severe than that caused by lin-29work for dissecting the molecular mechanisms that time
mutations. Moreover, not all of the let-7 targets havedevelopment in animals (reviewed in Rougvie, 2001).
been found, and there may be additional microRNAsMutations in these genes cause temporal transforma-
that act with let-7 to regulate lin-41 and these othertions in cell fate; certain cells express developmental
targets.programs normally restricted to either earlier or later
To identify additional players, we carried out a geneticstages within the same cell lineage. For example, hetero-
screen for heterochronic mutants and identified lin-57;chronic gene mutations alter the temporal identity of a
loss of lin-57 activity causes precocious seam cell termi-set of stem cell-like hypodermal cells, called seam cells,
nal differentiation during the L3 molt. Molecular cloningsuch that certain stage-specific division patterns are
revealed that lin-57 is hbl-1, a gene previously identifiedomitted or reiterated, resulting in premature or delayed
on the basis of its sequence relationship to Drosophilaterminal differentiation of the hypodermis.
hunchback (Fay et al., 1999). For simplicity and consis-A remarkable feature of the heterochronic gene path-
tency with published literature, we will henceforth referway is that it includes among its members the first two
microRNAs (miRNAs) identified, encoded by lin-4 and to lin-57 as hbl-1. hbl-1 is partially redundant with lin-
let-7 (Lee et al., 1993; Reinhart et al., 2000). These small, 41 in the late timer and is regulated by the let-7 miRNA.
noncoding RNAs are key to programming temporal pro- We discuss the role of Drosophila hunchback in the
gression of cell fate in C. elegans, and their phylogenetic temporal specification of cell fate and speculate that
microRNA regulation may be a conserved feature of
hunchback genes.*Correspondence: rougvie@cbs.umn.edu
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Table 1. Analysis of hbl-1(ve18) Phenotypes and Genetic Epistasis
Alae Synthesis (%)a,b Seam Cell Fusion (%)b,c
Genotype L2 Molt L3 Molt L4 Molt L3 Molt L4 Molt Pvul (%) (n  50)
N2 0 0 100 0 100 0
hbl-1(ve18) 0 100d 100d 100 100 100
hbl-1(ve18) post-dauer ND 0 100 0 100 0
lin-29(n836); hbl-1(ve18) ND ND 0 ND 0 100e
lin-29(n836) ND ND 0 ND 0 100e
lin-4(e912); hbl-1(ve18) ND ND 0 ND 0 Vulf
lin-4(e912) ND ND 0 ND 0 Vul
hbl-1(ve18)/lwDf12 ND 95 ND ND ND 100
a The newly synthesized cuticle was examined for the presence of alae by Nomarski DIC optics.
b n  20 animals; one side of each animal was scored.
c Seam cell fusion was assayed in animals bearing wIs78, an integrated ajm-1::gfp fusion, or MH27 (lin-4 and lin-29 strains).
d Some animals had gaps in their alae. L3 molt, 15%, 1–6 seam cell gaps; L4 molt, 35%, 1–4 seam cell gaps.
e Both hbl-1 and lin-29 mutants are Pvul and unable to lay eggs. The relationship of the defect in the double mutant relative to either single
mutant has not been examined.
f lin-4 mutants are vulvaless (Vul).
Results to wild-type, they do not divide (Figure 1C). These results
indicate that the precocious phenotype of hbl-1 mutants
includes many aspects of seam cell terminal differentia-Locomotion-Based Screen for Heterochronic Mutants
To identify additional members of the heterochronic tion. However, the precocious phenotype is incomplete
in one respect. The seam cell nuclei do not exit perma-gene pathway, we screened for mutants with a tempo-
rally altered locomotion behavior. Loss-of-function (lf) nently from the division cycle during the third molt as
expected for full execution of the terminal differentiationmutations in rol-1 cause a stage-specific locomotion
defect: larvae swim in the normal sinusoidal pattern, but program; they usually divide again during the L4 stage
intermolt, resulting in seam syncytia containing as manyadults “roll” in circles (Brenner, 1974; Higgins and Hirsh,
1977). This adult-specific Rol phenotype depends upon as 28 nuclei, rather than 16 as in wild-type animals (Fig-
ures 1D and 1E; 2). The L4 stage nuclear division pheno-the synthesis of adult cuticle and is temporally altered by
mutations in previously identified heterochronic genes. type is not unique to the ve18 allele; it is also seen when
hbl-1 activity is depleted by RNA interference (RNAi)For example, lin-4(lf) mutants never synthesize adult
cuticle, and, consequently, lin-4 rol-1 double mutants (Figure 2). One explanation for this phenotype is that
LIN-29 levels in hbl-1 mutants may not rise to sufficientnever roll. Conversely, lin-14(lf) mutants synthesize adult
cuticle early, and rol-1; lin-14 double mutants roll as levels by the L3 molt to completely inhibit the nuclear
division.larvae.
rol-1(e91) animals were mutagenized, and 8000 hap- hbl-1(ve18) mutants remain in the molting cycle fol-
lowing the third molt, executing a fourth molt duringloid genomes were screened for animals that either roll
precociously, during larval stages, or fail to roll as adults. which adult-type cuticle is again synthesized (Table 1).
hbl-1(ve18) mutants often have trouble executing thisA precocious roller that identified hbl-1 as a member of
the heterochronic gene pathway was among the mu- molt and remain stuck in the L4 stage cuticle.
tants recovered. rol-1(e91); hbl-1(ve18) mutant animals
begin rolling as L4 stage larvae. Precocious Vulval Cell Divisions
in hbl-1(ve18) Mutants
hbl-1(ve18) mutants also have a protruding vulva (Pvul),Precocious Hypodermal Cell Terminal
Differentiation in hbl-1(ve18) Mutants which appears after the L3 molt, causing an egg-laying
defect (Table 1). Examination of vulval cell divisions inA larval Rol phenotype can also be generated by muta-
tions in genes that do not regulate the time of adult hbl-1(ve18) animals revealed precocious divisions of
vulval precursor cells (VPCs) (Figures 1F and 1G). Incuticle synthesis (Cox et al., 1980). To test hbl-1(ve18)
mutants for a timing defect, we monitored develop- wild-type animals, three VPCs, P5.p–P7.p (Pn.p), un-
dergo three stereotypic rounds of cell division duringmentally staged animals for the execution of the seam
cell terminal differentiation program. Seam cells divide the mid L3 stage to generate the 22 cells that comprise
the vulva (Sulston and Horvitz, 1977). In hbl-1(ve18) mu-in a characteristic pattern until the L4 molt, when they
instead terminally differentiate, fuse, and secrete an tants, one or more of these cells initiates its division
pattern by the L2 molt. This phenotype is also observedadult-type cuticle containing alae, cuticular ridges that
are a hallmark of terminal differentiation. in hbl-1(RNAi) animals and with higher penetrance; more
Pn.p divisions are completed by the L2 molt, and, often,We observed a precocious hypodermal phenotype in
hbl-1(ve18) mutants: seam cell fusion and adult alae morphogenesis has begun.
The seam cell division, precocious fusion, and vulvalsynthesis occurred one stage early, during the L3 to L4
molt (referred to as the L3 molt; Table 1; Figures 1A and phenotypes are all suppressed in ve18 mutants when
the animals develop through the alternative dauer larva1B). Seam cell lineages appear essentially wild-type in
hbl-1(ve18) mutants until the L3 molt, when, in contrast stage (Table 1; Figure 2). Phenotypic suppression by
Worm hunchback Homolog Controls Developmental Time
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Figure 1. Temporal Patterning Defects in
hbl-1 Mutants
(A and B) L3 molt animals immunostained
with monoclonal antibody MH27, which de-
tects the adherens junction-associated pro-
tein AJM-1 and effectively outlines seam cells
(Francis and Waterston, 1991).
(A) Wild-type. Seam cells have recently di-
vided and are unfused. Arrowheads indicate
seam cell junctions.
(B) hbl-1(ve18). Seam cells have prematurely
fused.
(C) V1–V4 seam cell lineage pattern in wild-
type and hbl-1(ve18) mutants. In wild-type,
seam cells divide during the first three molts
(represented by horizontal lines on side bar).
The anterior daughter fuses to the main body
hypodermis hyp7, and the posterior daughter
continues to divide. At the L4 molt, seam cells
fuse and secrete adult alae, represented by
three horizontal bars. In hbl-1 mutants, the
cells fuse and synthesize alae prematurely at
the L3 molt. The seam nuclei divide again,
prior to the L4 molt, and both daughters re-
main in the syncytium.
(D) Fluorescent image of a young adult hbl-
1(ve18); wIs78 animal showing nuclear GFP
accumulation from a seam cell marker::gfp
(scm::gfp) fusion (Terns et al., 1997). Most
seam nuclei divided during the late L4, yield-
ing 26, rather than 16, nuclei.
(E) Same animal as in (D), visualized with DIC optics to indicate stage.
(F) Vulval precursor cells P5.p–P7.p (arrows) are undivided in a wild-type L2 molt stage animal. In hbl-1(ve18) mutants the VPCs can divide
precociously (G), as indicated for P6.p.
(H) Immunolocalization reveals premature LIN-29 accumulation in hbl-1(ve18) seam cell nuclei (arrows). Approximately 30% of stained animals
exhibited precocious LIN-29 accumulation.
progression through the dauer stage is a common fea- is supported by the observation that a genomic PCR
product containing the hbl-1(ve18) lesion rescues theture of heterochronic mutants (Liu and Ambros, 1991).
hbl-1(ve18) phenotype (data not shown).
Animals bearing hbl-1(ve18) in trans to lwDf12, a defi-ve18 Is a Mutation in the hunchback-like Gene hbl-1
ciency that removes the locus, are viable and appearWe mapped ve18 to the X chromosome between mec-2
similar to ve18 homozygotes (Table 1). However, ourand stP33 (Figure 3A). Of the YAC clones spanning this
molecular analyses indicate that ve18 is a hypomorphicregion, only Y23B4 rescued the ve18 phenotype. The
allele, and depletion of hbl-1 activity by RNAi suggestsve18 locus was narrowed to gene F13D11.2, which was
that the null phenotype is embryonic lethality (Fay et al.,identified as hbl-1 (hunchback-like) by Fay et al. (1999)
1999). Because RNAi administered postembryonicallyon the basis of its sequence similarity to Drosophila
(see below) results in a phenotype similar to ve18 ani-hunchback.
mals, we interpret the hbl-1(ve18) phenotype as defi-HBL-1 contains nine zinc fingers of the Cys2-His2
cient in postembryonic function.class. Six of these zinc fingers, the central cluster of four
and the C-terminal pair, are highly conserved among
hunchback orthologs (Figure 3B). Additional fingers hbl-1 Acts Upstream of lin-29
in the Heterochronic Pathwayhave also been observed in other species, including a
similar nine-finger arrangement in the leech, H. triserialis To position hbl-1 in the heterochronic gene pathway,
we analyzed double mutants between hbl-1 and the(Patel et al., 2001; Savage and Shankland, 1996).
Sequence analysis of ve18 revealed a 5 bp deletion retarded heterochronic genes lin-29 and lin-4. In con-
trast to the precocious phenotype observed in hbl-1in the exon 2 splice donor site of F13D11.2, which inter-
feres with splicing of the message (Figure 3A). Two aber- mutant animals, hbl-1; lin-29 double mutants resemble
lin-29 mutants and fail to execute the seam cell terminalrant hbl-1 mRNA species were detected in ve18 mutants.
In one, the exon 2/3 splice junction was shifted 1 nt 5, differentiation program (Table 1). Seam cells in these
double mutants remain in the cell cycle and fail to fuseand the other failed to splice intron 2. In each case, the
predicted wild-type open reading frame is disrupted by or secrete alae, and the animals continue to molt.
Molecular epistasis analysis confirms that hbl-1 actsstop codons. However, translation initiated at an inframe
downstream ATG could produce a truncated protein through lin-29. In hbl-1(ve18) mutants, LIN-29 accumu-
lates precociously in the L3 stage hypodermis, ratherlacking the N-terminal 81 amino acids but containing all
nine zinc fingers (Figure 3A). The hypothesis that ve18 than the L4 as in wild-type (Figure 1H; Bettinger et al.,
1996). Together, these data indicate that hbl-1 requiresmutants produce a partially functional HBL-1 protein
Developmental Cell
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Figure 2. hbl-1 Loss-of-Function Alters Seam
Cell Lineages
Seam nuclei were counted on one side of
animals of the indicated genotype and stage
by scm::gfp expression. Six seam cell lin-
eages undergo a proliferative division during
the L1 molt (Figure 1C) to increase the wild-
type cell number from 10 to 16. RG733 is
wIs78 (containing scm::gfp). RG734 is wIs78;
hbl-1(ve18). RNAi was administered by feed-
ing. RG734 dauer animals were selected by
30 min incubation in 1% SDS, recovered on
seeded plates, and examined at post-dauer
stages (L3, L4, and Adult).
lin-29() activity to exert its function, and HBL-1 times mutants, although loss of lin-41 activity allows weak col-
19::gfp expression. In contrast, simultaneous depletionseam cell differentiation by preventing hypodermal
LIN-29 accumulation before the L4 stage. of lin-41 and hbl-1 partially restores alae synthesis (52%
of animals have detectable patches of alae) and in-Of the four previously described heterochronic genes
whose loss-of-function causes precocious phenotypes, creases the intensity of col-19::gfp expression to nearly
wild-type levels. This partial restoration of the adultmutations in three, lin-14, lin-28, and lin-42, suppress
the retarded hypodermal phenotype of lin-4 mutations seam cell program to lin-4 mutants indicates that hbl-1
acts downstream of lin-4 and is partially redundant with(Ambros, 1989; Jeon et al., 1999). In contrast, mutations
in lin-41 do not, even though lin-41 acts downstream of lin-41.
lin-4 by other criteria (Slack et al., 2000). Examination
of lin-4; hbl-1 double mutants reveals a failure of seam
cell terminal differentiation at the fourth molt (Table 1), hbl-1 RNA Interference Produces
Multiple Phenotypesand, therefore, as was found for lin-41, lin-4 is epistatic
to hbl-1 in this test. Previous RNAi experiments showed that depletion of
HBL-1 causes a variety of phenotypes, including embry-We next asked whether lin-41 and hbl-1 activities must
both be reduced to allow adult cuticle synthesis in lin-4 onic lethality, malformed larvae, and egg laying-defec-
tive adults, but did not reveal a heterochronic defectmutants. Seam cell terminal differentiation was exam-
ined in a lin-4(e912) background where hbl-1 and/or lin- (Fay et al., 1999). To reconcile these results with the
hbl-1(ve18) phenotype, we performed a series of RNAi41 activities were depleted by RNAi (see Supplemental
Table S1 at http://www.developmentalcell.com/cgi/ experiments (see Supplemental Data at at http://www.
developmentalcell.com/cgi/content/full/4/5/625/content/full/4/5/625/DC1). To provide a sensitive mea-
sure of adult cuticle synthesis, we also assayed for ex- DC1). hbl-1(RNAi) resulted in animals that were semi-
Dumpy and Pvul. Examination of the hypodermis ofpression of col-19::gfp, a reporter gene whose expres-
sion is restricted to adult hypodermis in wild-type these animals during the L3 molt revealed an hbl-
1(ve18)-like phenotype; the seam cells terminally differ-animals (Abrahante et al., 1998). Depletion of neither
hbl-1 or lin-41 alone restores alae synthesis to lin-4 entiate precociously. Abnormalities were also observed
Worm hunchback Homolog Controls Developmental Time
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The hbl-1 3 Untranslated Region Is Required
for Temporal Downregulation
Because temporal regulation through 3UTR sequences
is a common theme in the heterochronic gene pathway
and fly hunchback spatial expression is translationally
regulated via its 3UTR (Wharton and Struhl, 1991), it is
of interest to test whether the hbl-1 3UTR plays a key
regulatory role. Fay et al. (1999) used hbl-1::gfp fusion
constructs that differed in their 3UTRs to show that the
hbl-1 3UTR does not regulate the spatial pattern of
HBL-1 accumulation. In these constructs, the hbl-1 pro-
moter and sequences encoding the first 133 amino acids
of HBL-1 are fused in-frame to gfp. One construct then
contains the native hbl-1 3UTR, while the other contains
the unc-54 3UTR (Fire et al., 1990), which does not
confer appreciable developmental regulation to linked
genes.
We examined transgenic animals containing these
constructs to test whether the 3UTR contributes to the
postembryonic temporal pattern of hbl-1 expression.
hbl-1::gfp::hbl-1 expression is observed at high levels
in the main body hypodermis (hyp7) of newly hatched
L1 larvae and decreases as development proceeds to
the early L3 stage, becoming undetectable thereafter
Figure 3. hbl-1 Encodes a hunchback-like Protein (Figures 4A, 4C, and 4E). In contrast, animals bearing
(A) ve18 resides on linkage group X between stP33 and mec-2. hbl-1::gfp::unc-54 accumulate GFP in hyp7 at all stages
YACs, cosmids, and subclones are indicated below the genetic map. of development, suggesting that hbl-1 expression is reg-
(), rescuing activity; (), failure to rescue. Four predicted open ulated posttranscriptionally through its 3UTR (Figures
reading frames in cosmid F13D11 are indicated. The structure of
4A–4F). hbl-1::gfp::hbl-1 expression is not detected inF13D11.2 is expanded below. Asterisks indicate the approximate
the seam after the mid L1 stage, and this expressionpositions of the first three AUG codons.
pattern appears unaffected by 3UTR sequences (Fig-(B) Stick diagrams comparing zinc finger organization of hunchback
proteins from a variety of species. Percent identities relative to C. ures 4A–4F).
elegans are indicated. For clustered fingers, the identity calculation Expression of the hbl-1::gfp::hbl-1 reporter is also
includes the amino acids that link each finger. The H. triserialis temporally downregulated in neuronal cells. At hatching,
structure was predicted from genomic sequence (Patel et al., 2001;
hbl-1::gfp::hbl-1 expression is most intense in P cellsSavage and Shankland, 1996).
(Fay et al., 1999; Figure 4A), which migrate into the ven-
tral cord and undergo several rounds of division in the
late L1 stage to give rise to ventral cord neurons and
at earlier stages, especially with higher dsRNA concen-
Pn.p’s, including the six vulval precursor cells. Expres-
trations. The most severe phenotype observed was em- sion is maintained at moderate levels in the P cell-
bryonic lethality near the start of morphogenesis, as derived neurons of the ventral nerve cord through the
described by Fay et al. (1999). mid L3 stage, and then it lessens as development pro-
cDNA and Northern blot analyses indicate that a single ceeds to the adult, with weak expression sometimes
species of hbl-1 message is produced (Fay et al., 1999). remaining detectable (Figures 4E and 4G). A similar de-
Together with the observed concentration dependence crease in expression was observed in neurons of the
of RNAi experiments, this suggests that the distinct phe- anterior nerve ring. Finally, hermaphrodite-specific neu-
notypes seen result from different levels of HBL-1 pro- ron (HSN) expression was strong in the L1 and L2 stages
tein remaining in the RNAi-treated animals. Embryonic and decreased during the L3 stage, becoming undetect-
lethality likely results from complete depletion of HBL-1, able in adults (Figures 4M and 4N). In contrast to the
while a partial reduction reveals the postembryonic re- temporal downregulation of hbl-1::gfp::hbl-1, hbl-1::
quirement, indicating that postembryonic development gfp::unc-54 expression remained high in each of these
is more sensitive to perturbations of HBL-1 levels. Con- neuronal cell types at later developmental stages (Fig-
sistent with this view, hbl-1 expression levels are highest ures 4G–4P). Thus, although the hbl-1 3UTR is dispens-
during embryogenesis and decrease thereafter (Fay et able for spatial regulation, it is required for temporal
al., 1999), and, thus, small alterations in HBL-1 levels downregulation of hbl-1::gfp during postembryonic de-
may have a more dramatic effect during later devel- velopment of the hypodermis and nervous system.
opment. To test whether the hbl-1 3UTR is sufficient to pro-
Depletion of hbl-1 activity by RNAi administered post- gram temporal downregulation, we substituted the hbl-1
embryonically results in a slight decrease in seam cell 3UTR into a col-10::lacZ::unc-54 reporter, which is oth-
number in L2 stage animals (Figure 2). This observation erwise expressed in the hypodermis at all develop-
suggests that the proliferative cell division at the L1 molt mental stages (Wightman et al., 1993). Similar to the
(see Figure 1C) is skipped in some seam cells and that hbl-1::gfp::hbl-1 fusion, the col-10::lacZ::hbl-1 construct
hbl-1 also plays a role in programming this stage-spe- was temporally downregulated (Figures 4Q–4T). col-10::
lacZ::hbl-1 expression was detected at later stages thancific event.
Developmental Cell
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Figure 4. hbl-1 Is Temporally Regulated via Its 3UTR
(A–P) Fluorescent images of animals bearing hbl-1::gfp reporter fusions. Developmental stage and 3UTR identity are indicated.
(A) GFP is detected in hyp7 and P cells and weakly in the seam.
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the corresponding gfp construct, extending into the L4 Loss of hbl-1 Activity Suppresses let-7 Defects
If hbl-1 acts downstream of the let-7 miRNA, then muta-stage and occasionally including adult head or tail hypo-
tions in hbl-1 should suppress the heterochronic defectsdermal cells, likely reflecting a difference in sensitivity
associated with let-7 mutations. To test this idea, weof detection or protein perdurance. Together, these ex-
hatched eggs homozygous for the let-7 null allele,periments indicate that the hbl-1 3UTR plays a temporal
mn112, on bacteria expressing hbl-1 dsRNA. In contrastregulatory role.
to the retarded defect of let-7(mn112) animals grown
on control bacteria, adult-type cuticle was synthesizedThe hbl-1 3UTR Contains Multiple Putative let-7
as early as the L3 molt in animals fed bacteria producingBinding Sites
hbl-1 dsRNA, indicating that let-7 acts through hbl-1 toSeveral lines of evidence implicate the heterochronic
time seam cell differentiation (Table 2). In addition, thegene let-7 as a candidate negative regulator of hbl-1.
let-7 larval lethality was also suppressed. Analysis ofThe let-7 microRNA negatively regulates target genes
hbl-1(ve18) let-7(mn112) double mutants confirmedthrough antisense binding sites in their 3UTRs (Reinhart
these results (Table 2).et al., 2000; Slack et al., 2000), and the onset of let-7
Experiments presented above showed that lin-41 andexpression during the L3 stage coincides with downreg-
hbl-1 are partially redundant with respect to lin-4 sup-ulation of hbl-1::gfp fusions, at least in neuronal cells.
pression. If the steps controlled by these two genesIn addition, whereas loss of hbl-1 function causes a
reside downstream of let-7, a similar redundancy shouldprecocious phenotype, loss-of-function mutations in
be uncovered in analysis of let-7 suppression. Indeed,let-7 cause a retarded phenotype, in which seam cells
simultaneous reduction of hbl-1 and lin-41 in a let-7(null)terminally differentiate one stage late, during a supernu-
background dramatically improves the penetrance andmerary molt (Reinhart et al., 2000). Notably, animals that
expressivity of the precocious (L3 molt) alae phenotypepresumably overexpress HBL-1 because of multiple
relative to single depletion of either gene activity (Tablecopies of hbl-1() on extrachromosomal arrays can
2). Depletion of hbl-1 in a let-7 background results inhave let-7-like phenotypes, including weak or incom-
patches of weak alae on 70% of L3 molt animals, andplete alae synthesis and bursting (21% of adults exam-
depletion of lin-41 results in small patches of well-
ined, n  66).
formed alae. In contrast, simultaneous loss of these
The hbl-1 3UTR contains multiple evolutionarily con-
gene activities yields L3 molt animals with generally full-
served regions predicted to form heteroduplexes with length alae that are wild-type in appearance. Moreover,
the let-7 miRNA (Figures 5A and 5B). The overall se- rare patches of well-formed alae can form two stages
quence identity between the C. elegans hbl-1 3UTR early in these animals, at the L2 molt. This enhanced
and that of C. remanei and C. briggsae is 76% and precocious phenotype in animals lacking both hbl-1 and
71%, respectively, and contains eight 12–30 nt blocks lin-41 activities is also observed in a let-7() back-
of perfect conservation. The putative let-7 binding sites ground; 35% of these animals synthesize patches of
vary in the degree of conservation observed. The most alae at the L2 molt (Table 2), and the inappropriate L4
highly conserved site resides near the 3 end of the UTR stage nuclear division observed in hbl-1 single mutants
(nt 1266–1287). It is 100% conserved in C. briggsae and is suppressed (Figure 2). These results indicate that let-7
91% conserved in C. remanei. Moreover, there is a 23 acts through hbl-1 and lin-41, which together prevent
out of 25 bp match encompassing this sequence in the seam cell terminal differentiation until the final molt.
region of the lin-41 3UTR that confers its let-7 respon- If let-7 plays a predominant role as an hbl-1 repressor,
siveness (Slack et al., 2000). we would expect misregulation of the hbl-1::gfp::hbl-1
Two conserved, putative lin-4 binding sites are also construct in a let-7 mutant background. However, hypo-
present in the hbl-1 3UTR (Figure 5C), raising the possi- dermal expression of hbl-1::gfp::hbl-1 in let-7(n2853)
bility that the lin-4 miRNA may also participate in the mutants was largely unchanged from the wild-type pat-
tern. Only occasional weak hbl-1::gfp::hbl-1 expressiondownregulation of hbl-1.
(B) The unc-54 3UTR construct shows a GFP expression pattern spatially similar to that in (A).
(C) GFP expression in hyp7 drops through the L2 stage.
(D) With the unc-54 3UTR, GFP expression is maintained in hyp7, but not the seam.
(E) GFP expression in hyp7 becomes undetectable in the L3 stage but remains high in the ventral cord (arrowheads).
(F) With the unc-54 3UTR, GFP expression is maintained in hyp7 and neurons (data not shown).
(G) GFP expression in the ventral nerve cord (arrows) drops to low and sometimes undetectable levels.
(H) Temporal deregulation of the hbl-1 3UTR reporter was detected in the VNC of adult let-7 animals.
(I) GFP expression in the ventral nerve cord also remains high when the unc-54 3UTR is used.
(J) Weak GFP expression in the anterior nerve ring.
(K) Nerve ring expression is not effectively downregulated in let-7 mutants.
(L) Nerve ring expression remains high in adults when the unc-54 3UTR is used. The images in (G) and (H) were taken at the same exposure
time to demonstrate relative expression levels, as were (J) and (K). (I) was exposed six times longer than (H), and (L) was exposed ten times
longer than (K).
(M) HSN expression is strong in L2s, downregulated in the late L4 stage (N), and undetectable in adults. The exposure time in (N) was 5.7
times that in (M).
(O and P) With the unc-54 3UTR, HSN downregulation is not observed, and continued expression is seen in adults.
(Q–T) Nomarski DIC images of animals bearing col-10::lacZ reporter genes and stained for -galactosidase activity.
(Q and R) L3 stage animals containing the hbl-1 3UTR or unc-54 3UTRs, respectively.
(S) The hbl-1 3UTR lacZ reporter is downregulated by the adult stage, except for occasional cells in the head or tail.
(T) lacZ expression persists in adults containing the unc-54 3UTR reporter.
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Figure 5. miRNA Binding Sites in the 3UTRs
of Worm and Fly hunchback Genes
(A) Stick diagram comparing sequence identi-
ties among C. elegans, C. briggsae, and C.
remanei hbl-1 orthologs. The hbl-1 3UTR is
represented by the red bar. Stretches of 10
nt that are identical among all three species
are indicated by black boxes. The positions of
potential let-7 and lin-4 binding sites shown in
(B) and (C) are indicated.
(B and C) Nucleotides conserved in hbl-1 in
all three Caenorhabditae species, blue; nu-
cleotides that are not conserved but that
could maintain base pairing in each species,
purple.
(B) Predicted duplexes formed between let-7
RNA and potential binding sites in the hbl-1
3UTR. Duplexes are arranged in descending
order (left to right) of the number of conserved
nucleotides involved in base pairing interac-
tions with let-7 RNA. Positions of the hbl-1
sequence within the 3UTR are in parenthe-
ses. The G to A mutation in let-7(n2853),
green. The let-7 miRNA is conserved from
nematodes to humans (Pasquinelli et al.,
2000).
(C) Potential duplexes between lin-4 miRNA
and the hbl-1 3UTR. The C to U mutation in
lin-4(ma161), green. The lin-4 miRNA is con-
served in these species (Lee et al., 1993).
(D) Potential duplexes between fly miRNAs
and the D. melanogaster hb 3UTR. hb nucle-
otides conserved in D. virilis, blue; those that
are not conserved but that could maintain base pairing, purple. D. virilis sequence was unavailable for the putative mir-3 binding sites.
(E) Sequence alignment of the let-7, mir-84, mir-48, and mir-241 miRNAs (Lau et al., 2001). Nucleotides identical to let-7, red; those shared
by at least two other miRNAs, blue.
could be discerned in the hypodermis of let-7 mutants Discussion
after the early L3 stage, suggesting that factors other
hbl-1 Is a Developmental Timing Genethan let-7 are required for efficient posttranscriptional
The C. elegans hunchback-like gene hbl-1 regulatesdownregulation of hbl-1::gfp::hbl-1 in hyp7. Consistent
postembryonic developmental time. In ve18 mutants,with this view, the drop in hypodermal hbl-1 expression
vulval cell divisions occur abnormally early during thebegins prior to activation of let-7 during the L3 stage.
L2 stage, seam cell fusion and adult cuticle synthesisIn the nervous system, hbl-1::gfp::hbl-1 deregulation
occur precociously during the L3 molt, and seam cellwas more pronounced, with 35% of animals exhibiting
nuclei divide inappropriately during the L4 stage. Re-increased expression in the VNC of let-7 mutant adults
moval of hbl-1 activity postembryonically through RNAiduring blind scoring tests (Figures 4G and 4H). Similar
causes similar defects, and, in addition, proliferativederegulation was also observed in the anterior nerve
seam cell divisions are sometimes skipped during thering (Figures 4J and 4K). These results suggest that let-7
L1 molt. These observations indicate that the wormplays a role in controlling hbl-1::gfp::hbl-1 expression in
hunchback ortholog functions at multiple times duringthe nervous system.
postembryonic development and plays key roles in
specifying temporal cell fates in the vulva and hypo-
dermis.Potential for miRNA Regulation
Because the L1 molt seam cell division phenotype
of Drosophila hunchback
correlates with seam cell expression of hbl-1::gfp during
Given the 3UTR-dependent expression of the worm and the L1 stage, hbl-1 may function cell autonomously in
fly hunchback genes and the let-7 regulation of hbl-1, the seam to control this early division pattern. However,
we explored the potential for miRNA regulation of fly hbl-1::gfp is not detected in the seam after the L1 stage,
hunchback. We searched for RNA duplexes that could nor is it detected in the vulval precursor cells (Fay et
form between identified Drosophila miRNAs (Lagos- al., 1999), suggesting that hbl-1 may function non-cell
Quintana et al., 2001, 2002, 2003; Lau et al., 2001; Lee autonomously to time cell divisions at later stages in
and Ambros, 2001) and the fly hb 3UTR, largely focusing these tissues. One candidate tissue for producing an
on regions conserved between D. melanogaster and D. hbl-1-dependent signal is the hyp7 syncytial hypoder-
virilis. We identified sequences that could potentially mis that surrounds the seam, abuts the VPCs, and is a
duplex with fly miRNAs in vivo (Figure 5D), raising the major contributor to cuticle synthesis. The roller pheno-
possibility that microRNA regulation of hunchback has type used in our screens is likely to result from hyp7-
mediated ultrastructural defects in the cuticle (Peixotobeen evolutionarily conserved.
Worm hunchback Homolog Controls Developmental Time
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et al., 1998), and, therefore, our identification of ve18 as differentiation, likely as a result of reiteration of L4 fates
in the adult. Together, these observations suggest thata precocious roller suggests that temporal identity of
hyp7 is also affected in hbl-1 mutants. Thus, similar the general involvement of hunchback proteins in pro-
gramming temporal identity within specific cell lineagesto the seam, hyp7 initiates its adult program, possibly
including signaling to surrounding tissues, precociously. has been evolutionarily conserved.
There is a dramatic difference in seam cell versusThere is precedent for signaling from hyp7: lin-15() is
required in hyp7 for repression of cell divisions in VPCs neuroblast cell cycle time. Seam cells are scheduled to
divide once per molt, at approximately 7 hr intervals,that do not normally contribute to vulva formation (Her-
man and Hedgecock, 1990). Thus, one possibility is that whereas fly neuroblasts undergo rapid cell divisions in
the embryo, on the order of 40 min. How the rapid transi-hbl-1 function in hyp7 is required for correct timing of
seam and vulval cell fates. tions in transcription factor expression are controlled in
fly neuroblasts is unknown, but it is tempting to specu-
late that miRNAs could play a role in facilitating expedi-hunchback and Control of Developmental Time
tious translational downregulation of hb and other tran-In flies, hunchback (hb) is best known for its crucial role
scription factors in this developmental context.in spatial patterning of the embryo, as a member of
Indeed, the hb 3UTR contains potential fly microRNAthe gap class of segmentation genes (Lehmann and
binding sites in evolutionarily conserved regions (FigureNusslein-Volhard, 1987; Struhl et al., 1992; Tautz et al.,
5D). Of particular note, mir-184, mir-4, and mir-13a are1987). Null mutations in hb cause deletion of specific
predicted to duplex with sequences overlapping the twosets of segments along the anterior-posterior axis.
NREs (NRE1 at nt 46–78 of the 3UTR and NRE2 at ntSimilar to the regulation of hbl-1 during temporal pat-
98–129), suggesting involvement of these miRNAs interning of the nematode, the hb 3UTR plays a key role
fundamental aspects of hb regulation. Whether the pre-during spatial patterning in the early fly embryo. Pumilio,
dicted mir-3 binding sites are conserved in D. virilis isNanos, and Brat form a quaternary complex on a pair
unknown, but the two D. melanogaster sites share highof conserved 32 nt elements in the hb 3UTR, called
identity (13 out of 18 nt). Moreover, mir-3 and mir-4Nanos response elements (NREs), and repress hb trans-
are expressed during embryogenesis, but not thereafterlation in the posterior of the embryo, contributing to the
(Lagos-Quintana et al., 2001), consistent with an earlyformation of an hb protein gradient emanating from the
regulatory role. In summary, our work extends the simi-anterior (Sonoda and Wharton, 1999, 2001; Wharton and
larities between the worm and fly hunchback genes be-Struhl, 1991). The hbl-1 3UTR does not contain canoni-
yond the level of sequence conservation. Both genescal fly NREs, although there are three “B box” sequences
are deployed to temporally specify cell fates, and their(AUUGUA), two of which are conserved in C. briggsae
expression patterns rely on 3UTR sequences likely toand C. remanei. The C. elegans genome does contain
be modulated through the action of microRNAs.candidate homologs of the key fly hb regulatory proteins
(Frank et al., 2002; Subramaniam and Seydoux, 1999;
Wickens et al., 2002), and the evolutionary maintenance The hbl-1 Message Is an miRNA Target
Postembryonic temporal downregulation of hbl-1 in theof these components raises the possibility that addi-
tional aspects of hb regulation are conserved between worm nervous system and hypodermis is programmed,
at least in part, through its 3UTR, which contains multi-these species, perhaps acting through divergent 3UTR
sequences. ple putative let-7 binding sites that are evolutionarily
conserved. In the nervous system, an hbl-1::gfp::hbl-1hb also plays a role in patterning the fly central ner-
vous system where, intriguingly, relative to our studies, reporter construct is temporally deregulated in a let-7
mutant background; enhanced expression is observedhb programs temporal specification of cell fate (Isshiki
et al., 2001). Neuroblasts divide in invariant stem cell- in the ventral nerve cord and anterior nerve ring of adults.
Together, these results imply that the hbl-1 3UTR is alike patterns, giving rise to specific lineages, depending
on the position and timing of divisions. These neuro- direct target of the let-7 miRNA.
The extent of hbl-1::gfp::hbl-1 misexpression in let-7blasts sequentially express a set of transcription factors,
and the fate of progeny cells produced depends on the mutants is less than might be expected if let-7 acts alone
to downregulate neuronal expression and suggests thattranscription factor present at their birth (Cui and Doe,
1992; Isshiki et al., 2001; Kambadur et al., 1998; Mellerick additional factors, perhaps other microRNAs, act to-
gether with let-7. Indeed, a large and diverse family ofet al., 1992). The first transcription factor expressed is
Hb, and cell division gives rise to neurons that maintain miRNAs has been discovered in C. elegans and other
organisms (Lagos-Quintana et al., 2001; Lau et al., 2001;hb expression and adopt a characteristic “first-born”
cell fate. Kru¨ppel expression appears next in the neuro- Lee and Ambros, 2001; Reinhart et al., 2002). Among
the worm miRNAs reported are three, mir-84, mir-48,blast and is then maintained in the cells generated at
the subsequent division, which adopt a “second-born” and mir-241, that share sequence identity with let-7 RNA
and are expressed with the same temporal specificityfate. In hb mutant animals, the first-born identity is
skipped, and the progeny cells execute the second- as is let-7 (Figure 5E; Lim et al., 2003). The sequence
conservation among these miRNAs, particularly be-born fate prematurely (Isshiki et al., 2001). In contrast,
continued expression of hb at later developmental times tween mir-84 and let-7 (81% identical), suggests that
they may have target sites in common. Thus, completeresults in a reiteration of the first-born fate.
These Hb-meditated temporal phenotypes are remi- temporal deregulation of the hbl-1 reporter may require
simultaneous inactivation of multiple miRNAs.niscent of those reported here for hbl-1 loss-of-function.
Loss of hbl-1 activity causes the adult seam cell fate to The role of let-7 in control of hbl-1 in the hypodermis
is less clear. The simplest way to interpret let-7 suppres-be executed one stage too early, whereas overexpres-
sion of hbl-1 can cause failure of seam cell terminal sion by hbl-1, together with let-7 binding sites in the
Worm hunchback Homolog Controls Developmental Time
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hbl-1 3UTR, is that hbl-1 is a direct target of the let-7
miRNA. However, hypodermal hbl-1::gfp expression be-
gins to subside in the L2 and disappears in the early
L3, prior to let-7 accumulation in the mid to late L3
stage (Reinhart et al., 2000). Assuming that the hbl-1::gfp
construct (which contains a 6.4 kb 5 flanking sequence
through the first three introns) contains all relevant en-
hancer regions, this implies that 3UTR-mediated down-
regulation of hbl-1 in hyp7 is controlled by other factors,
perhaps including earlier-acting miRNAs.
let-7 could add to the repression of hbl-1 mRNA from
the mid L3 stage onward, ensuring its silence at late
developmental stages. However, consistent hbl-1::gfp::
hbl-1 misexpression was not detected in the hypodermis
of let-7 mutants, suggesting only a minor role for let-7
or redundant action by let-7-related genes. Alternatively,
a low threshold level of the HBL-1 presumed transcrip-
tion factor (not detectable by gfp assay) may be required
for hypodermal function. Thus, small changes in HBL-1
level could lead to major developmental consequences
through deregulation of target genes.
Temporal regulation of hbl-1 differs from that of lin-
41, the other known let-7 target. lin-41::gfp is expressed Figure 6. Heterochronic Gene Regulatory Cascade
in both neurons and hypodermis but is temporally down- Stages of postembryonic development are indicated on the y axis.
regulated only in the hypodermis (Slack et al., 2000), Temporal gene expression patterns are indicated by filled boxes,
and this downregulation is mediated by let-7 control of and regulatory interactions are indicated by connecting bars (nega-
tive interactions) or arrows (positive). These interactions are geneti-the lin-41 3UTR during the L4 stage (Reinhart et al.,
cally predicted and are not necessarily direct. LIN-29 regulates the2000). The discordant patterns of regulation suggest
transcription of downstream targets, including genes encoding cuti-inherent differences between the hbl-1 and lin-41
cle structural components such as col-19 (Rougvie and Ambros,3UTRs and the assembled factors that orchestrate their 1995).
function.
hbl-1 Functions with lin-41 in the Late Timer are necessarily integrated into both timers to ensure
Reduction of hbl-1 activity by mutation or RNAi does proper timing of cell fate specification.
not fully suppress let-7 null mutations. Explanations for
this partial epistasis include incomplete loss of hbl-1
Evidence for a Branched Heterochronicfunction, misexpression of let-7 targets, or redundancy
Gene Pathwayat the hbl-1 step in the pathway. Our work suggests that
Previous studies have generally supported a linear path-the let-7 target, lin-41, is at least part of the answer.
way of heterochronic genes, with lin-4 acting as theSimultaneous removal of hbl-1 and lin-41 activities pro-
most upstream and global regulator. Our analyses sug-duces stronger suppression of the let-7 phenotype than
gest that the pathway is branched. Concomitant loss ofdoes single depletion of either gene (Table 2). In let-
hbl-1 and lin-41 activities suppresses the let-7 mutant7() animals, depletion of hbl-1 and lin-41 activities pro-
phenotype more completely than that of lin-4. Loss ofduces a fully penetrant L3 molt phenotype and can
hbl-1 and lin-41 activities only weakly restores alae syn-cause terminal differentiation at the L2 molt, one stage
thesis at the L4 molt in lin-4 mutants, whereas it leadsearlier than in either single mutant. Together, these re-
to essentially complete execution of the adult seam cellsults indicate that let-7 acts through both hbl-1 and lin-
program at the L3 molt in a let-7 mutant background.41 and that these genes function with partial redundancy
These observations indicate that lin-4 or the genes itto inhibit premature activation of the adult hypodermal
regulates have additional targets, which time the adultprogram at the L2 and L3 molts in wild-type animals.
hypodermal program independently of hbl-1 and lin-These findings extend the intriguing parallels between
41. Thus, multiple temporal inputs converge upon thethe early and late timers of the heterochronic gene path-
transcription factor LIN-29, indicating that a branchedway, which together mediate stage-specific temporal
pathway functions to ensure proper timing of seam cellidentities (Figure 6). Each timer is initiated by a mi-
terminal differentiation. Elaboration of these proposedcroRNA that has two known targets; in the early timer,
branches will require searches for additional compo-lin-4 downregulates lin-14 and lin-28, and, in the late
nents of the heterochronic gene pathway.timer, let-7 acts through hbl-1 and lin-41. In each case,
one target encodes a transcription factor (LIN-14 and
Experimental ProceduresHBL-1), and the other encodes a protein with hallmarks
of a translational regulator (LIN-28 and LIN-41) (Hong et
Nematode Strains and Methodsal., 2000; Moss et al., 1997; Slack et al., 2000). Since loss-
Worm strains were grown and maintained as in Sulston and Hodgkin
of-function for each pair of targets causes enhanced (1988). Experiments were performed at 20C, unless otherwise
precocious phenotypes (Ambros, 1989; this work), it ap- noted. The following strains were used: BW1891 ctIs37 (hbl-
1::gfp::unc-54 3UTR), BW1932 ctIs39 (hbl-1::gfp::hbl-1 3UTR),pears that both transcriptional and translational controls
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CB151 unc-3(e151), CB3273 lon-2(e678) mec-2(e1084), EH383 dpy- References
8(e130) lwDf12 unc-6(e78)/let(lw67), JR1000 ced-1(e1735); unc-
119(ed4); wIs78 (pDP#MM016B [unc-119] plus pJS191 [ajm-1::gfp] Abrahante, J.E., Miller, E.A., and Rougvie, A.E. (1998). Identification
of heterochronic mutants in Caenorhabditis elegans: temporal mis-plus pMF1 [scm::gfp] plus F58E10) (gift from M. Maduro and J.
Rothman), MT1155 lin-4(e912)/mnC1; him-5(e1467ts), RG148 lin- expression of a collagen::green fluorescent protein fusion gene.
Genetics 149, 1335–1351.29(n836)/mnC1; him-5(e1467ts), RG588 lin-29(n836); hbl-1(ve18),
RG589 lin-4(e912); hbl-1(ve18), RG733 wIs78, RG734 wIs78; hbl- Ambros, V. (1989). A hierarchy of regulatory genes controls a larva-
1(ve18), RG756 hbl-1(ve18) let-7(mn112) unc-3(e151), SP66 dpy- to-adult developmental switch in C. elegans. Cell 57, 49–57.
8(e130) unc-6(e78), and SP231 mnDp1(X:V)/; unc-3(e151) let- Ambros, V. (2000). Control of developmental timing in Caenorhab-
7(mn112). lwDf12 is a deficiency that removes inx-3 (T. Starich and ditis elegans. Curr. Opin. Genet. Dev. 10, 428–433.
J. Shaw, personal communication). Complementation tests revealed
Bettinger, J.C., Lee, K., and Rougvie, A.E. (1996). Stage-specificthat it also removes hbl-1.
accumulation of the terminal differentiation factor LIN-29 during C.To identify timing mutants, we mutagenized young adult rol-1(e61)
elegans development. Development 122, 2517–2527.animals with ethyl methanesulfonate as described by Sulston and
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